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ABSTRACT
Photolysis of vibrationally excited oxygen produced
by ultraviolet photolysis of ozone in the upper stratosphere is
incorporated into the Lawrence Livermore National Laboratory
2-D zonally averaged chemical-radiative-transport model of the
troposphere and stratosphere. The importance of this potential
contributor of odd oxygen to the concentration of ozone is
evaluated based upon recent information on vibrational distribu-
tions of excited oxygen and upon preliminary studies of energy
transfer from the excited oxygen. When the energy transfer
rate constants of previous work are assumed, increases in model
ozone concentrations of up to 40 percent in the upper strato-
sphere are found, and the ozone concentrations of the model
agree with measurements, including data from the Upper Atmo-
sphere Research Satellite. However, the increase is about 0.4
percent when the larger energy transfer rate constants suggested
by more recent experimental work are applied in the model.
This indicates the importance of obtaining detailed information
on vibrationally excited oxygen properties to evaluation of this
process for stratospheric modeling.
INTRODUCTION
Simulations of stratospheric chemistry do not produce
as large an ozone concentration as is experimentally found in
the upper stratosphere. This difference has been known for at
least 15 years (Rutlcr, 1978; WMO, 1985). One of the possible
cxplanatinns of tiffs lower ozone concentration is that a source
of odd ox3,_gen is missing from the existing models. Slanger et
al. (1988) have proposed a possible additional source of odd
oxygen based on experiment. Photodissociation of ozone in the
ultraviolet (200 to 310 rim) produces oxygen molecules in the
ground electronic state. This oxygen carries a large vibrational
excitation (Slanger et aL, 1988; Kinugawa et al., 1990). The
vibrationally excited oxygen (O2 t) then absorbs a second photon
by its Schumann-Runge transition and dissociates to two O
atoms. This second dissociation can occur with light consider-
ably to the red of that which photolyzes thermal oxygen. In
order to incorporate this mechanism into atmospheric models,
the distribution of O2: with respect to vibrational quantum
number v and the rate constants for removal of vibrational
quanta from O2 t by collisional quenching must be known.
Utilizing O=* distributions from Kinugawa et al. (1990) and
quenching rate constants for 02 t based on Rapp (1965), Toumi
et al. (1991) found an enhancement of ozone concentration
ranging from 13 to 60 percent for altitudes of 36 to 58 km in
their atmospheric model. The 248 nm 03 photolysis data of
Slanger (private communication) indicate a different O2t(v)
distribution, and preliminary collisional quenching data in the
same study indicate a considerably higher rate constant than
was used previously. Photolysis of O2t has been incorporated
into the LLNL global two-dimensional chemical-radiative-
transport model, and this study compares the ozone concentra-
tions calculated using both the earlier collisional quenching and
the experimental quenching with observed ozone concentrations,
including recent measurements from the Upper Atmosphere
Research Satellite Microwave Limb Sounder (UARS MLS).
EXCITED OXYGEN CHEMISTRY
The LLNL 2-D model has been discussed previously
(Johnston et al., 1989). In addition to the standard model, file
rate of photolysis of O 3 into rite ground state oxygen channel
(O2(_Es)) is used to calculate Ozt processes. As is detailed
below, the O2 _ calculation internally performs three steps for
each altitude-latitude combination. The nascent distribution of
O2*(v) is first found from O 3 ph0tolysis rates. Rate constants
for Ozt photolysis are calculated from absorption cross sections.
Finally, with the photolysis and energy transfer rate constants,
the steady state concentration of O2*(v) is determined.
When Oj is photolyzed, excess energy is distributed
among translation (between the centers of mass of 02 and O
atom) and rotation and vibration of the 02 fragment. Data
obtained by Slanger indicate that a bimodal distribution of
vibrationally excited O 2 arises when O3 is photolyzed at 248
rim. The time-of-flight study of Kinugawa et al. (1990) shows
two peaks of O atom with respect to translational energy when
O_ is photolyzed at 226 nm. The peak at higher O_ vibrational
quantum number is assigned as partially but not completely due
to thermal decomposition of O3. We use a double Oaussian fit
in the relative translational energy of photolysis fragments to
approximate both the Slanger data and the Kinugawa et al.
data. Since the vibrational energy in O2(3Zit ") is equal to the
photolysis energy minus El. except for the rotational energy in
02, the vibrational distribution can be calculated.
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TheO2*crosssectionsarecalculatedfromwavefunc-
tions for 02 and the Schumann-Runge transition dipole moment
function using equations based on those in Levine (1975) and
Saxon and Slanger (1991). The wavefunctions for both the
ground and excited electronic states are calculated from
lx)tential surfaces using the method of Kuhmder (1988), The
Rydberg-Klein-Rces potential surfaces of ground O2 (_:Ea-) and
excited O 2 (_E,) are from Krupenie (1972) extrapolated to r =
1.0 A and to r = 11.0 A. The transition dipole moment
function D(r) is from Allison et al. (1986). The transition
strengths produced agree to within 50% with the experimental
transition strengths of Lewis et al. (1986) and calculated
transition strengths of Allison et al. (1971). Cross sections
agree reasonably with the v = 12 cross sections found by Saxon
and Slanger (1991).
The removal of vibrational excitation from 02*
involves multiple processes which ultimately must be distin-
guished from one another. The O2' may lose vibrational
excitation by either transfer to translational and rotational
energy or transfer to vibrational energy. Either transfer
mechanism preferentially removes one quantum of vibrational
energy; however, according to Slanger's preliminary observa-
tions on O_ +collisions with nitrogen for v = 18 to 20, processes
which remove two quanta of vibrational energy from O2 t are
also significant. Further work at v = 22 finds [hat nitrogen and
oxygen have approximately file same rate constants for O2t
quenching, so that v-t transfer must dominate [here. A model
proposed by Rapp and Englander-Golden (1964) and by Rapp
(1965), as further expanded to multiple-quantum removal by
Yardley (1980), provides the v-v energy transfer rate constants
used in the 02 + model. The v-t contribution chosen for
compatibility with [he Slanger et al. observations at v = 22 is
3.0 x 10" molec cm J s t for all temperatures and for both M
= O 2 and M = N2; this is referred to as the "full k= case" in the
results. The sensitivity of the O2+ processes to the choice of
energy transfer rate constants must be determined due to the
preliminary nature of the Slanger group results. A second
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Figure 1. Steady state concentrations of vibrationally excited
oxygen versus vibrational quantum number for 30 ° N, 44 km
on the Autumn Equinox for both zero vibration-to-translation
contribution (_,) and the full vibrational energy transfer model
([::3) are compared with [he result of Toumi et al. (1991) for v
= 15 (^).
series of 2-D model runs is thus conducted with k,_, set to zero
and M = O2 alone; this lower limit to the uncertainty range of
O2t energy transfer rate constants is referred to as the "K,.t = 0"
case below. The rate constants of this case are similar to those
used by Toumi et al. (1991).
O2 t may be either deactivated by collisional energy
transfer or photolyzed in tile Schumann-Runge transition region.
The lifetime of Oz* is less than one hour, so that the instanta-
neous equilibrium or steady-state approximation may be applied
to each of the species O2t(v)_ Those equations are solved using
the fact that O2 t may not be produced with v greater than its
dissociation limit of 38.
MODEL-DERIVED Oz t AND O 3
Figure I illustrates steady state O=: concentrations
(Equation 4) at noon on the Autumn Equinox (September 22)
in the LLNL 2-D model with respect to vibrational quantum
number. In the k,,. t = 0 model (diamonds), the concenta'ation of
Oz t falls off rapidly for v > 25 from values of at least 5 x l06
molec cm "_ which remain nearly constant with v. Use of the
full k, model (squares) reduces the maximum Oz * concentration
to 2 x 10 _ moloc cm a for v = 3, and the concentration decreas-
es more steeply throughout the range of v, reaching 2 x
103molec cm "3 at v = 25. The additional quenching of the full
k_ model severely reduces the calculated O2 +concentrations and
will be shown to reduce the 02 + effect upon odd oxygen
considerably compared with that of Toumi et al. (1991).
Toumi et al. (1991) provides [Oa t] only for v = 15 (triangle),
which is slightly less than is the [02+05)] for our 1%.t = 0 case
in Figure 1.
The rate of O atom production from Ozt also depends
on the rate of O 3 photolysis, the solar flux, and the absorption
cross section of O2 t. For both I% models, the rate of Oz t
photolysis in molec cm "3 s"n (one half of the O atom production
rate) at 30°N, Autumn Equinox noon is plotted against v in
Figure 2. The O2t photolysis rate peaks at 2 x 10 _ molec cm J
s l for v = 20 in the k,, = 0 model, with considerable contribu-
tions for v down to 12 and up to 27. However, in the full
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Figure 2. Rate of photolysis for vibrationally excited oxygen
versus vibrational quantum number for 30 ° N, 44 km on the
Autumn Equinox. Zero vibration-to-translation case: o; full
vibrational energy transfer model: [3; Toumi et al. (1991) for
v = 15: /,.
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k= model, the maximum conaibution becomes 1 x l0 s molec
cm "s s"1at v = 12, and the photolysis rate falls off more quickly
with v to either direction. The strongest contribution to 0 atom
production from O2 =comes from v in the range of 10 to 25, and
the higher v are most severely affected by use of the full k,
quenching both in terms of concentration and in terms of
photolysis rate.
Figure 3 illustrates the ratio of the O2* dissociation
rate to the thermal O 2 dissociation ratc at the Autumn Equinox.
The altitude shown is the log-pressure scaled altitude used in
the 2-D model. Altitudes less than 30 km are omitted for this
figure and Figure 4 since neither process is significant. In the
k_., = 0 case (Figure 3A), the 02* process contributes 10 percent
as much odd oxygen as does thermal 02 photodissociation
around 35 km for all latiLudes except the Antarctic region. The
odd oxygen addition from O2* increases with increasing altitude
up to 55 kin. Peak values of the ratio are greater than :50
percent at latitudes of 45 °S and 60 °N and 55 km altitude.
Toumi et al. (1991) Table 2 shows an odd oxygen production
ratio at 30 *N on the Autumn Equinox which increases mono-
tonically from 13 percent at 36 km to 60 percent at 58 km, but
with a leveling off of the rate of increase with altitude at the
higher altitudes. Some quantitative differences in the produc-
tion ratio exist between our model and that ofToumi et al., but
the qualitative features are mostly the same at 30 °N.
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Figure 3. Ratio (percent) of rate of photolysis (melee cm "s s"l)
of O2' to that of thermal O 2 for (A) I¢,._ = 0 case; (B) full k c
case.
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Figure 4. Comparison of LLNL 2-D model results with
measurements o f ozone concentration on the Autumnal Equinox
at 30 ° N. * - UARS MLS (lines represent 1o uncertainty); +
- MAP recommended values (10 percent typical uncertainty); _,
- LLNL 2-D ambient atmosphere (no 02*); O - LLNL 2-D
model, k,, = 0.0 cm 3 melee l s l, O 2 v-v transfer only; [] -
LLNL 2-D model, lq., = 3.0 x 10" cm 3 melee "1 s"1, N 2 and O 2
colliders.
The full lg case (Figure 311) reduces the odd oxygen
percentage ratio from O_* compared with thermal 02 by two
orders of magnitude for all latitudes and altitudes. Increased
collisional quenching forces the maximum 02* production
upward (lower pressure), so that the maximum of 0.4 percent
is located at 58 km, 60 °S or 60 °N; the upper limit of the
model is at 58 km, so that this is not necessarily the overall
maximum, but contributions for higher altitudes should not be
markedly larger due to decreasing concentrations of O3. The
contribution of O2' below 58 km is sharply reduced at all
latitudes toward a minimum of less than 0.1 percent about 40
km. O 3 concentrations for an ambient atmosphere in our 2-D
model also typically change by 0.1 percent from year to year.
Addition of approximately half again as much O atom
from O2 t as is produced by thermal 02 photolysis in the k,, _ =
0 case to the upper stratosphere should produce a large increase
in Os concentration. Figure 4 compares model O 3 concentra-
tions on the Autumn Equinox at 30°N as a function of altitude
with preliminary results from UARS MLS and the recommend-
ed zonal mean values of the Middle Atmosphere Program
(Keating et o1., 1989). When k,t = 0 is used (diamonds), the
O 3 concentration is markedly greater for all altitudes above 32
km than for the ,'unblent atmosphere. The resulting concen-
trations are within the uncertainty limits of the preliminary
measurements of the UARS MLS and are comparable to the
MAP recommended values for September at 30 °N (crosses) for
log-pressure altitudes down to 44 km. The MLS measurements
are an average ever 28 °N to 32 °N for September 21, 1991 for
the 205 GHz O 3 band. Absolute accuracy of MLS is still under
investigation, but the O3 concentrations observed at these
altitudes are not expected to vary significantly. The change
between the LLNL 2-D model withOUt Olt processes (trianglc_)
and for the 0_* full _ case (squares) is msignificam on the
scale of Figure 4.
CONCLUSIONS
Odd oxygen production from the photolysis of
vibrationally excited oxygen (O2 t) produced by ultraviolet
photolysis of ozone (O_) in the upper stratosphere has been
incorporated in the LLNL 2-D global stratosphere-trophosphere
model. When quenching of O2 t only by v-v collisional energy
transfer to O2 is considered, odd oxygen production rates
throughout the upper stratosphere (>30 kin) increase by up to
50 percent, with a corresponding increase in O_ concentration.
in qualitative agreement with the previous work by Toumi et al.
(1991). Inclusion of an assumed v-t collisional energy transfer
rate constant and of N_ as a collider gas, indicated by recent
preliminary experimental work, reduces the odd oxygen
contribution from O2t processes to insignificance compared with
thermal Oa photolysis. The sensitivity of O2_ processes in the
stratosphere to detailed energy transfer rate constants is well
demonstrated here; unfortunately, these constants are not yet
well determined in the laboratory. Thus, this study shows the
importance of obtaining detailed experimental information on
the input parameters of O_ t, particularly the rate constant for
eollisional energy transfer as a function of v, in order to judge
the potential importance of O2 t processes to stratospheric O 3
concentrations.
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Note added in proof: After this work was presented, R. Toumi
has published "An Evaluation of Autocatalytic Ozone Produc-
tion from Vibrationally Excited Oxygen irt the Middle Atmo-
sphere" in J. Atmos. Chem. 15, 69-77. That report incorporated
past experimental quenching results and found ozone enhance-
ments ranging from 0.4 to 11 percent for 40-60 km altitude.
depending on various models of the nascent O2 t distribution
from O_ photolysis.
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